Abstract-Brushless Direct Current (BLDC) motors has gained popularity in recent years due to their performance, efficiency and power density. Many type of speed controller has been developed and Proportional Integral Derivative (PID) controller has been the most prominent due to simplicity. However, lack of evidence presented in literature regarding the bidirectional speed control of such motor. In this paper, a PID bidirectional BLDC motor speed controller using Direct Commutation Switching Scheme is proposed. The controller is developed and tested using MATLAB/Simulink. It is found that the controller performed efficiently for all the test cases.
I. INTRODUCTION
Over the past few years, Brushless Direct Current Motor (BLDC) has been a favorable motor in servo application in fields such as automotive, medical fields and industrial automation. The shift towards BLDC motor is due to its high power to mass ratio, less noise and high speed capabilities [1] [2] . BLDC motor are electronically commutated which eliminate commutator wear problem. This reduces not only motor losses, but also the maintenance cost [2] [3] . A sensor-ed BLDC motor obtains the rotor position and speed measurement by using three or more the hall sensor. Trapezoidal or rectangular voltage coupled with the hall sensors drives the BLDC motor [4] [5] [6] [7] [8] . To ensure the motor operates at desired speed and direction, a close loop controller is required. Many speed controllers of the BLDC controller have been developed through the years. Speed controller for sensor-ed BLDC revolves around pulse amplitude modulation, pulse width modulation (PWM) or hysteresis for controlling the voltage that applied across the motor phases. The most popular is Proportional Integral derivative (PID) controller. PID is highly preferred due to the low cost and less complex as compared to other types of speed controllers such as fuzzy based controller or neuro-fuzzy controller [8] [9] [10] . BLDC motors are bidirectional, hence the controller must be able to drive the motor in forward and reverse direction. Commutation algorithms such as trapezoidal, sinusoidal and Field Oriented Control (FOC) are used to drive BLDC drive [11] [12] [13] . Trapezoidal Commutation uses the Hall sensors to produce a current space vector of six directions at a time. Trapezoidal commutations are much simpler compared to Sinusoidal and FOC commutations. Sinusoidal and FOC commutations require an accurate electrical positions that cannot be obtained using Hall Sensor to ensure smooth performance [12] [13] [14] [15] . In this paper, PID is used as a Bidirectional Speed Controller for BLDC motor to allow for seamless speed reversal. A direct commutation switching scheme is used to electronically perform the commutation. Based on the reference speed and actual speed (in both magnitude and direction), the controller will enumerate to achieve the required speed. The system was designed and tested using Matlab Simulink.
II. MATHEMATICAL MODEL OF BLDC
Modelling of a BLDC motor is similar to a three-phase synchronous motor [16] . However due to permanent magnet on the rotor, some dynamic characteristics are different. Common inverter topology for a three phased BLDC motor is a threephase inverter bridge or a three-phase buck-derived converter. Typical inverter drive system for a BLDC motor is represented in Fig. 1 [1] . It is assumed that no power losses in the inverter and the motor winding is connected in star. BLDC motor mathematical model can be expressed by the following matrix: [17] .
The electromechanical torque is represented as
where J represents moment of inertia, B represents frictional coefficient, and ωr denotes angular velocity of the motor respectively. TL represents load torque. The current, speed and back-EMF waveforms of the 3-phase BLDC motor are used to determines the electromagnetic torque. The equation for instantaneous electromagnetic torque can be rearranged and represented as
To rotate the BLDC motor, the stator winding must be energized in a specific sequence. The rotor position of the BLDC motor which is determined using a hall effect sensor used for proper energizing sequence or electrical commutation. BLDC motor normally comes with three hall sensors which are placed 120-degree apart. The hall effect sensor triggers high and low signal depending to location of the motor's magnetic pole. The hall sensors provide six trigger signals per electrical cycle as the motor phase conducts for 120 electrical degrees two times per complete mechanical rotation. The back emf and hall effect sensors are depicted in Fig. 2 [17] [18] [19] [20] . The switching sequence for clockwise (CW) and counter clockwise (CCW) direction shown in Table I and II respectively. The commutation tables in the switching controller has complex mathematical switching scheme which developed using the Table I and II to control the speed. Based on duty cycle, rotor position and rotation direction, the direct commutation switching scheme controller determines the sequence and timing for commutation. Hence, it produces the PWM to be fed into the inverter. The system is using Matlab/Simulink as shown in Fig. 5 . A. Response of the motor for constant speed Fig. 6 shows the BLDC speed for both no load and full load (3 Nm at 1500 rpm) with respect to the reference speed (1500 rpm clockwise). In contrast, Fig. 7 shows the similar test result at counterclockwise rotation direction. For both directions, the proposed controller performs efficiently. As expected, the motor needs more time to reach the reference speed in loaded condition. Fig. 8-9 shows simulation results of the BLDC actual speed compared to varying speed for no load and full load of 3 Nm. The proposed controller is able to perform satisfyingly for both no load and full load varying speed for both CW and CCW direction. However, a small overshoot can be observed during full load CCW direction but the controller able to correct the overshoot with ease. This overshoot occurs due to inertia and momentum of the motor as the motor switched from high speed to low speed at full load. 10 shows simulation results of the BLDC actual speed compared to varying speed and directions for no load and full load of 3 Nm. It also can be observed that during full load condition the system has longer settling time when compared to no load. Fig. 11-12 shows the BLDC motor response during varying load. For Fig. 11-12 , the motor is run with no load at constant speed of 1500 rpm for clockwise and counter clockwise direction respectively. At t = 0.075 s the motor is switched to handle full load of 3 Nm. For both conditions, the controller able to handle the sudden surge of load. For Fig. 13 the system was tested to apply varying load for varying directions. The system started with 1 Nm load at CCW direction. At t = 0.075 s, load of 3 Nm was applied. It can be observed that the system is able to handle the load, however steady state error of 0.03 % can be seen. At t = 0.15 s the direction and the speed of the BLDC motor was changed from CCW to CW at 2000 rpm. During this period, the load was changed to 2 Nm. To further test the tolerance of the controller, at t = 0.2 s the load was changed to 5 Nm. It can be observed that, the PID controller unable obtain steady-state due to rapid change of load as well exceeding the max load of the system. In this paper, a PID Bidirectional Speed controller for BLDC using Direct Commutation Switching Scheme for seamless reversal was proposed. The proposed controller obtains satisfying results as it can perform well for both clockwise and counter clockwise directions. The controller also performs excellently in the test cases; it is able to operate at various speed and various load for both directions. It can be observed that steady state error occurs when the load is rapid changed with varying speed but the error is very small that can be neglected. Hence this controller can be used to drive a BLDC motor bidirectional for real time applications.
